Protein engineering on trypanosomal triosephosphate isomerase (TIM) converted this oligomeric enzyme into a stable, monomeric protein that is enzymatically active.
3-strands form an internal 1-barrel consisting of 8 parallel ,3-strands (strands [1] [2] [3] [4] [5] [6] [7] [8] , covered on the outside by 8 a-helices (helices [1] [2] [3] [4] [5] [6] [7] [8] . The connections between 3-strands and the subsequent a-helices are referred to as loops 1-8. The side chains of some of these loop residues form the active site of the TIM barrel enzymes and novel active sites can therefore theoretically be constructed at the C terminus of the ,/strands without altering the overall fold. Our goal is to design activities on this (,3/a)8 framework. Interestingly, most of the known (/3/a)8 proteins are part of homo-or heterooligomers. For our studies, TIM from Trypanosoma brucei was chosen as the model protein because the crystal structure is known at 1.83 A resolution (3) . TIM forms very stable dimers with high catalytic activity. These properties have hindered the accurate measurements of the activity of individual monomers; the monomers have been postulated to be inactive in both renaturation (4, 5) and mutagenesis (6) studies, whereas matrix-bound monomers have been reported to retain activity (7) . No allosteric control or cooperativity has been found between the two subunits (8, 9) . The Kd of the TIM dimer is not known, but based on the low protein concentration in the activity assay, and assuming that the monomer is much less active than the dimer, then the Kd value can be estimated to be <10 pM. The first step in our protein engineering scheme has been to convert the dimeric TIM to a monomeric protein to (i) facilitate the subsequent design of active sites, (ii) examine the functional and structural importance of dimer formation, and (iii) have the principal possibility to obtain an active monomer. Only few such mutagenesis experiments of other proteins have been described. One example is the protein hormone insulin, in which it has been shown that single and double amino acid alterations of interface residues led to considerable variations in the association of the insulin monomers (10) . The dimeric ACro DNA binding protein has been converted to a stable monomer that binds to DNA (11) . Both cases involve small nonenzyme proteins on the order of 60 residues and insulin is, in fact, functional as a monomer. Single amino acid alterations of interface residues of the dimeric tyrosyl-tRNA synthetase resulted in inactive monomers (12) .
The TIM dimer interface is very extensive, consisting mostly of residues from loops 1-4 (3). Each subunit buries ==1600 A2 (3) surface area by dimerization. This buried area is expected to contribute significantly to protein stability (13) . The active site is located close to the dimer interface, but the residues of one subunit do not interact directly with substrate analogues bound in the active site of the other subunit. In the crystal structure of the TIM-glycerol 3-phosphate complex (3) the closest distance is 5.4 A between OG1 of (subunit 1) and the terminal carbon atom, C3, of glycerol 3-phosphate bound to subunit 2. Thr-75 is located at the tip of loop 3, which is a long loop (residues 65-79) protruding 13 A out of the bulk of its subunit. This loop fits into a deep crevice near the active site of the other subunit ( Fig. la) (15) . Point mutations preventing the association of individual subunits will result in TIM monomers with a deep pocket, a large protruding loop, and an extensive, solvent exposed, hydrophobic patch ( Fig. 1) tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (14) of the interface region of the trypanosomal TIM monomer. On the stereo pair (a), the hydrophobic atoms (C, S) are red, and the polar atoms (N, 0) are purple. The monopicture (b) has the same view and color code; however, the loop 3 residues (residues 72-78) are white (Thr-75, located at the tip of loop 3 is yellow), Val-46 is blue, Cys-14 is green, and the atoms of Asn-11 (at the bottom of the active site pocket) are yellow. White line indicates position of the local twofold axis. Note the hydrophobic patch indicated by the white arrow. In the stereo pair the exposed Cys-14, Val-46, and Thr-75 clearly protrude out of the monomer. After applying the transformation of the local twofold axis, Cys-14 fits in a pocket constituted of loop 3 atoms, Val-46 contacts the hydrophobic patch, and the protruding Thr-75 moves into a deep pocket, which is connected with the active site pocket near Asn-11.
FIG. 1. Molecular surface
The ECEPP (Empirical Conformational Energy Program for Peptides) energy function (18) was combined with the solvation energy term (19) . The global optimization was performed by the biased probability Monte Carlo procedure (17) applied to the torsion angles of the trial loop combined with minimization to achieve loop closure and relax the clashes. Side chain optimization was done by the same procedure applied only to the side chain torsion angles. (Fig.  2b) . The sequence and modeled structure of monotim are compared to wild-type TIM in Fig. 2 .
Mutagenesis and Puriflcation. Mutagenesis was carried out on plasmid pTIM (20) by the overlap extension method using the polymerase chain reaction (21) . DNA primers were designed in such a way that mainly preferred Escherichia coli codons for highly expressed proteins (22) were used for inserting amino acids. The amplified DNA fragment, containing the mutations, was subcloned into pTIM and the sequence of the complete fragment was verified.
The soluble monotim, expressed in E. coli strain BL21(DE3) (23) grown in M9 medium (24) at 25°C and induced with 400 ,M isopropyl ,B-D-thiogalactopyranoside was purified by the following procedure. The cells were lysed by sonication in 100 mM triethanolamine (TEA) HCO buffer (pH 8.0) containing 50 mM NaCl, 1 mM dithiothreitol (DTT), 1 mM NaN3, and 0.5 mM phenylmethylsulfonyl fluoride. The supernatant from a precipitation step with 0.5% polyethylenimine was ammonium sulfate precipitated. The 50-70% saturation fraction was dialyzed against a 20 mM TEA HCO buffer (pH 8.0) supplemented with 20 mM NaCl and 1 mM each DTT, EDTA, and NaN3. The soluble proteins were loaded on an S-Sepharose ion-exchange column (Pharmacia) and eluted with a 20-120 mM NaCl gradient in the same buffer as described above. This ion-exchange step makes it very unlikely that the purified monotim is contaminated with E. coli TIM, because the pI of trypanosomal TIM is 9.8 (25) and the pI of E. coli TIM is 5.3 (26) . The yield was 6 mg of pure protein from 1 liter of culture.
Characterization. The stability of monotim was determined by temperature gradient gel electrophoresis (TGGE). This Tyr-l0l, and Tyr-102 will be more exposed to solvent
The CD spectra were recorded on a Jobin Yvon circular dichrometer VI with a 0.2-mm pathlength at 20'C. For these experiments, solutions of wild-type TIM and monotim were equilibrated against a 50 mM sodium phosphate buffer (pH 7.0) supplemented with 20 mM NaCl. Samples were diluted with the same buffer to a concentration of 4.5 uM. Concentrations were determined by measuring absorbance at 280 nm.
Gel-filtration studies were carried out with a column (45 x 0.79cm2) of Pharmacia Sephacryl S200 matrix. The column was equilibrated and eluted with 100 mM TEA HCl buffer (pH 8.0) including 500 mM NaCl, 1 mM DTT, 1 mM NaN3, and 1 mM EDTA. Monotim (300 pg) was loaded on the column. The concentration of protein in the fractions was determined by absorbance at 280 nm with a 1-cm pathlength.
A standard curve of partition coefficient, Ka, = (ve vo)/(vt -v.), versus molecular mass was established with blue dextran 2000 and proteins of 14, 25, 43, and 67 kDa. TIM activity was measured in the peak fractions as described (28) .
The ultracentrifugation experiments (29) 
RESULTS AND DISCUSSION
Several physical, chemical, and kinetic properties of purified monotim have been determined. The stability of monotim was assayed by TGGE. This experiment (Fig. 3a) shows that the tms for wild-type TIM and monotim are 41°C and 38°C, respectively, which proves that monotim is approximately as stable as the wild-type protein. A TGGE experiment was also carried out in the presence of 0.5 mM 2-phosphoglycollate (Fig. 3b) , which is a competitive inhibitor of TIM (K, = 27 ,uM) (24) . The stabilization of monotim as well as wild-type TIM by 2-phosphoglycollate indicates that monotim binds the substrate analogue, suggesting that the TIM active site topography is conserved in monotim. The similarity of the far UV CD spectra of monotim and wild-type TIM (Fig. 4) further indicates that monotim also has the (P/a)g fold.
The molecular mass of monotim was determined by gel filtration to be 22 kDa (Fig. 5) . Sedimentation analysis was applied to more precisely determine the size of monotim at a protein concentration ranging from 0.02 to 2 mg/mi. As The observed catalytic activity of monotim, as shown in Fig. 5 , is considerable, which is very surprising, but it is significantly reduced compared to the wild-type enzyme. It is very unlikely that it is due to a contamination with E. coli TIM, because in the gel-filtration peak the specific activity is constant (Fig. 5) . The observed enzymatic activity is probably the best proof that the overall structure of monotim is very similar to wild-type TIM. The kinetic parameters were determined by varying the concentration of glyceraldehyde 3-phosphate in the enzyme assay (28) Compared to wild-type TIM, monotim has -20-fold lower affinity and 1000-fold lower kcat for this substrate. The activity is not due to low-affinity dimerization as the specific activity is independent of protein concentration (Fig. 5) .
This study has shown the successful design of major alterations of TIM leading to a monomeric TIM with considerable activity and provides an example of the conversion of an oligomeric enzyme into a stable monomeric protein that is still enzymatically active. Previously we have tried to reduce the stability of the TIM dimer by single amino acid substitutions of interface residues-e.g., the replacement of His-47 by an Asn (20) . For this variant ofTIM (H47N TIM) the dimer stability is reduced significantly compared to the wild type but dimers do form at high protein concentrations; the thermostability (ti = 330C by TGGE) of H47N TIM is also significantly lower (ref. 20 ; T.V.B., R.J., and R.K.W., unpublished observations). However, the replacement of loop 3 by a strainless turn concomitantly with the decrease of the hydrophobic patch, as suggested by the modeling studies, creates a stable, monomeric protein. We hope to determine the crystal structure of monotim, after which the design work aiming toward specific activities on this monomeric (0/a)8 scaffold can continue.
Note Added In Proof. In the meantime, the crystal structure of monotim has been solved (30) .
